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Abstract
It has been proposed that two resonances could coincide in the early universe at temperatures
T ∼ 0.2...0.5 GeV: one between two nearly degenerate GeV-scale sterile neutrinos, producing
a large lepton asymmetry through freeze-out and decays; another between medium-modified
active neutrinos and keV-scale sterile neutrinos, converting the lepton asymmetry into dark
matter. Making use of a framework which tracks three sterile neutrinos of both helicities as
well as three separate lepton asymmetries, and scanning the parameter space of the GeV-scale
species, we establish the degree of fine-tuning that is needed for realizing this scenario.
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1. Introduction
It has been a long-standing dream that a theoretical and experimental understanding of the
mechanism of neutrino mass generation could also help to solve outstanding cosmological
mysteries, such as the existence of baryon asymmetry and of dark matter abundance.
In the present paper we approach this dream from a minimalistic and phenomenologically
oriented perspective. The existence of non-vanishing neutrino masses can be accounted for
by incorporating right-handed neutrino fields in the Standard Model Lagrangian,
Lnew-SM ≡ Lold-SM + ν¯Ri /∂ νR −
(
ν¯
R
φ˜†h ℓ
L
+ ℓ¯
L
h†φ˜ ν
R
)− 1
2
(
ν¯c
R
Mν
R
+ ν¯
R
M †νc
R
)
. (1.1)
Here φ˜ ≡ iσ2φ∗ is a conjugated Higgs doublet, νcR is a charge-conjugated right-handed neu-
trino field with three generation indices, ℓ
L
are the Standard Model lepton doublets, and h
is a 3× 3 matrix of neutrino Yukawa couplings.
A singular value decomposition permits to write the Majorana mass matrix M in eq. (1.1)
as M = O diag(M1,M2,M3)O
T , where M
I
≥ 0 can be set in increasing order. In the seesaw
regime [1–3], the M
I
are close to the physical masses of sterile neutrino mass eigenstates. In
this paper we work under the (unconfirmed) assumption that M1 ≈ 7 keV is the mass of a
long-lived dark matter candidate [4,5], whereasM2,3 ∼ a few GeV represent short-lived states
that decay before primordial nucleosynthesis (cf., e.g., refs. [6, 7] and references therein).
The GeV-scale mass range for M2,3 is motivated by many reasons. First of all, it leads
to a leptogenesis scenario [8,9] which could be testable through experiments at the intensity
frontier, such as SHiP [10]. Second, it leads to an interesting dark matter scenario [11, 12],
in which the freeze-out and decays of the GeV-scale states play a key role.
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More precisely, it is known that if this model is used for baryogenesis, then lepton asym-
metry production can continue after sphaleron freeze-out [11,13], and the final lepton asym-
metries can be up to ∼ 103 larger than the baryon asymmetry [14]. However, as suggested by
previous studies [15–17] and confirmed by a precise investigation [18], such asymmetries are
still ∼ 102 too small to produce the correct dark matter abundance through the Shi-Fuller
mechanism [19]. The suggestion of refs. [11,12] is that the missing orders of magnitude could
originate from the low-temperature freeze-out and decays of the GeV-scale sterile states.
The purpose of the current paper is, on one hand, to verify that the scenario laid out
in ref. [12] can be realized and, on the other, to quantify the degree of fine-tuning that it
depends on. To this end, after reviewing the general framework (cf. sec. 2), we define a set of
“low-energy constants” (cf. sec. 3) which capture the essential aspects of the low-temperature
solution. We then scan the parameter space, establishing the part in which the low-energy
constants obtain their desired values (cf. sec. 4). Finally, picking a point from the allowed
domain, we show a successful scenario which yields (even a bit more than) the correct baryon
asymmetry and dark matter abundance (cf. sec. 5).
2. Review of framework
Our study is based on a set of evolution equations for “slow variables” that was established
in ref. [18] and confirmed through a rigorous derivation in ref. [20]. In order to permit for
computationally expensive numerical scans, we simplify here the equations by momentum
averaging the density matrices of the GeV-scale sterile species. This implies that their mo-
mentum dependence is assumed to take the form
ρ±
H
(k) ≃ n
F
(ω
H
)
Y ±H
Y +eq
, Y +eq ≡
∫
k
nF(ωH)
s
T
, (2.1)
where ± stands for helicity symmetry/antisymmetry; the subscript H refers to the “heavy”
sterile species; nF is the Fermi distribution; ωH ≡
√
k2 +M2
H
with k ≡ |k| and M
H
≡
(M2 +M3)/2; and sT denotes the thermal entropy density of the Standard Model degrees of
freedom. Inserting eq. (2.1) into the evolution equations, the coefficients appearing in them
get averaged in one of two possible ways,
〈...〉1 ≡
∫
k
(...)nF(ωH)∫
k
n
F
(ω
H
)
, 〈...〉2 ≡
∫
k
(...)nF(ωH) [1 − nF(ωH)]
s
T
. (2.2)
Averages of the second type, originating in connection with certain terms proportional to
lepton chemical potentials, become Boltzmann-suppressed when T ≪M
H
.
An essential aspect of the dynamics is that the GeV-scale species fall out of equilibrium,
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i.e. Y +H 6= 1Y +eq and Y −H 6= 0. This also affects the expansion of the universe. Denoting
x ≡ ln
(
Tmax
T
)
, J ≡ dx
dt
, (2.3)
and referring for details to sec. 3 of ref. [18], the upshot is that rate coefficients get normalized
through the Jacobian J , and the evolution is affected by entropy increase, viz.
Ĉ ≡ CJ , Y
′(x) ≡ [∂x + ∂x ln(sTa3)]Y (x) , f ′(x, k) ≡ df(x, k(x))dx , (2.4)
where a is the scale factor and ∂x ln(sTa
3) = 3Ĥ − 1/c2s, where H is the Hubble rate and
c2s is the speed of sound squared. Furthermore k(x) = k(x0)a(x0)/a(x) denotes a co-moving
momentum. In thermal equilibrium, J = 3c2sH and ∂x ln(sTa3) = 0.
With this notation, the yield parameters for lepton minus baryon asymmetries evolve as
Y ′a −
Y ′
B
3
=
4
s
T
∫
k
{[
f+ − nF(ω1)
]
B̂+(a)11 + f
−B̂−(a)11 − nF(ω1)
[
1− nF(ω1)
]
Â+(a)11
}
+ 4Tr
{(
Y +
H
− Y +eq
)〈B̂+(a)H〉1 + Y −H 〈B̂−(a)H〉1 − 〈Â+(a)H〉2} , (2.5)
where a ∈ {e, µ, τ} and f± are the distribution functions of the keV-scale sterile neutrinos,
for which no momentum averaging is carried out, as their resonant production proceeds one
momentum mode at a time. The heavy components of the density matrix evolve as
(Y ±
H
)′ = i
[〈diag(ω̂2, ω̂3)− Ĥ+H 〉1 , Y ±H ] − i[〈Ĥ−H 〉1, Y ∓H ]
+
{〈D̂±
H
〉1 , Y +eq − Y +H
} − {〈D̂∓
H
〉1 , Y −H
}
+ 2 〈Ĉ±
H
〉2 , (2.6)
whereas light components satisfy
(f±)′ = 2D±11
[
nF(ω1)− f+
]− 2D∓11 f− + 2C±11 nF(ω1)[1− nF(ω1)] . (2.7)
In eq. (2.7), ω1 ≡
√
k2(x) +M21 , and k(x) also appears in the coefficient functions.
Eqs. (2.5)–(2.7) are parametrized by the rate coefficients Â+
IJ
, ..., D̂±
IJ
and the effective
Hamiltonians Ĥ±H . These are proportional to the second power of neutrino Yukawa couplings,
and in some cases to chemical potentials (e.g. Â+IJ , Ĉ
±
IJ). Some important coefficients are
elaborated upon in sec. 3, and all definitions and evaluations are explained in ref. [18].
3. Low-energy constants
The slow evolution equations in eqs. (2.5)–(2.7) contain a large number of coefficients that
capture the effects of the fast Standard Model degrees of freedom. The physical values of
the coefficients are correlated, as all of them originate from a certain retarded correlator of
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Standard Model operators [18, 20]. Therefore the qualitative features of the solution only
depend on the values of a few coefficients. Motivated by the analogy with effective field
theories, we call these coefficients “low-energy constants”.
For lepton chemical potentials large enough that all of dark matter gets produced, dark
matter production peaks at T ∼ 0.2 GeV if M1 ∼ 7 keV [16]. As most of the lepton asym-
metries that were produced at higher temperatures get diluted away [18], their production
should take place close to this temperature range [12]. Based on numerical integrations such
as that described in sec. 5, we find that it is practical to fix T = 0.5 GeV for considering the
values of the low-energy constants.
For producing large lepton asymmetries, CP-violation needs to be resonantly enhanced.
This means that the oscillations between the GeV-scale species need to be slow, i.e. with a
frequency similar to the Hubble rate. The oscillation frequency is determined by three types
of mass-squared differences: (i) Lagrangian parameters, M23 −M22 ; (ii) Higgs vev corrections
∼ ∆h2v2; (iii) thermal corrections, which at low temperatures are ∝ G2FT 4, where GF is the
Fermi constant. At T = 0.5 GeV, corrections of types (i) and (ii) are the most important
ones in absolute magnitude, however as it turns out that an exquisite cancellation is required
between the different types of corrections, the class (iii) also plays a role (cf. sec. 4.2).
Technically, slow oscillations require that, after subtracting the trace part which has no
effect, the Hamiltonian in the first commutator of eq. (2.6) should have a near-zero eigen-
value [12]. This gives us the first low-energy constant, which we define in the limit of thermal
equilibrium and vanishing chemical potentials:
〈Ĥλ〉1 ≡ lim
µi→0
∣∣∣eigenvalue (〈diag(ω̂2, ω̂3)− Ĥ+H 〉1 − 12 (trace))∣∣∣J→3c2sHT (3.1)
=
√[〈ω2 − ω3〉1 −∑a(|h2a|2 − |h3a|2)〈U+(a)H〉1
6c2sHT
]2
+
[∑
aRe(h2ah
∗
3a)〈U+(a)H〉1
3c2sHT
]2
,
where H
T
is the contribution to the Hubble rate from (thermal) Standard Model degrees of
freedom. The coefficient U+(a)H captures the “dispersive” corrections of types (ii) and (iii),
and originates from the real part of a matrix element of a retarded correlator [18].
It is not sufficient to have slow oscillations between the GeV-scale sterile species, but
suitable interaction rates need also to be present. Interaction rates should not be too large,
otherwise the sterile neutrinos stay close to equilibrium and furthermore an efficient washout
of any lepton asymmetries takes place. But they should not be too small either, otherwise
no interesting dynamics takes place. In short, interaction rates should be of the order of the
Hubble rate. As a representative for a CP-even rate coefficient, we define
〈Γ̂
H
〉1 ≡ Tr 〈D̂+H 〉1
∣∣∣
J→3c2sHT
=
∑
a
∑
I=2,3 |hIa|2〈Q+(a)H〉1
3c2sHT
. (3.2)
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The coefficient Q+(a)H describes “absorptive” corrections, and originates from the imaginary
part of a matrix element of a retarded correlator [18].
Finally, the generation of lepton asymmetries necessitates the presence of CP-violating
interaction rates. By inspecting solutions such as that described in sec. 5, we have found that
a good representative for them is given by
〈Γ̂osc〉1 ≡ lim
µi→0
〈iD̂+23〉1
∣∣∣
J→3c2sHT
=
∑
a Im(h2ah
∗
3a)〈Q−(a)H〉1
3c2sHT
. (3.3)
Here Q−(a)H describes a helicity-antisymmetrized absorptive correction. Again, eq. (3.3) should
be of order unity for an efficient production of lepton asymmetries.
4. Parameter scans
The purpose of this section is to determine the possible values of the low-energy constants
in eqs. (3.1)–(3.3). We start with a numerical scan in sec. 4.1, and subsequently explain the
results through analytic estimates in sec. 4.2.
4.1. Numerical results
In the following we employ the Casas-Ibarra parametrization [21], which ensures that active
neutrino mass differences and mixing angles take their observed values. As only two mass
differences are known, we can account for the observed values through the two GeV-scale
sterile neutrinos. With
MM ≡
(
M2 0
0 M3
)
, R ≡
(
cos z sin z
− sin z cos z
)
, z ∈ C , (4.1)
this is obtained through the relation
h = −i
√
M
M
R P
√
mν V
†
PMNS︸ ︷︷ ︸
data
√
2
v
, (4.2)
where mν is a diagonal matrix containing the active neutrino masses, VPMNS is the Dirac-like
mixing matrix (which contains the complex phase δ), v ≃ 246 GeV is the Higgs vev, and
PNH ≡
(
0 e−iφ1 0
0 0 1
)
, PIH ≡
(
1 0 0
0 e−iφ1 0
)
. (4.3)
Here NH and IH stand for the normal and inverted hierarchy, respectively.
To proceed we choose a representative value M
H
= 2 GeV, and carry out a scan in the
five-dimensional parameter space spanned by ∆M ≡ M3 −M2, Re z, Im z, δ, and φ1.1 A
1For Re z we restrict to a region continuously connected to pi/2 (another lies at around Re z = −pi/2).
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Figure 1: The distribution of 〈Γ̂
H
〉1 as a function of Im z, with increasingly stringent constraints as
indicated by the legend (left: normal hierarchy, right: inverted hierarchy). 〈Γ̂
H
〉1 is strongly correlated
with Im z, with the influence of the other parameters corresponding to the line width. For a rate not
too slow or fast, we restrict to 0.2 < 〈Γ̂
H
〉1 < 5.0 (the points indicated with the green squares). As
visible by the density of points, valid parameters are somewhat rarer for the inverted hierarchy.
random sample of data points is generated, with a logarithmic distribution in ∆M and a flat
one in the other parameters (restricting to | Im z| ≤ 6.0). The distributions in figs. 1–3 are
based on ∼ 104 “accepted” points that satisfy the weak criterion 〈Ĥλ〉1 < 10 in terms of the
low-energy constant defined in eq. (3.1). The criteria for a successful dark matter scenario
are stronger than this, and reduce the data set to ∼ 102 points. We should clarify that these
particular values are chosen for ease of illustration; many more points can be generated with
minor cost but do not change the conclusions.
First, let us constrain Im z by considering 〈Γ̂
H
〉1 from eq. (3.2). As shown in fig. 1, there is a
near-perfect correlation of 〈Γ̂
H
〉1 and Im z. We restrict to 0.2 < 〈Γ̂H〉1 < 5.0, which delineates
the range allowed for | Im z| accordingly.
Second, we constrain 〈Ĥλ〉1 from eq. (3.1) to lie within the range 〈Ĥλ〉1 < 1. A full
solution such as the one in sec. 5 shows that this is necessary for obtaining sufficient resonant
enhancement of lepton asymmetry generation. As shown in fig. 2, this cuts the range allowed
for ∆M and Re z to an extremely narrow domain, which becomes an ellipse once the permitted
range of 〈Γ̂
H
〉1 is also taken into consideration.
Finally, in fig. 3, we show the low-energy constant 〈Γ̂osc〉1 from eq. (3.3) as a function of the
CP-violating phase δ. The plot looks identical for φ1. Practically no correlation is observed,
implying that many values of δ and φ1 are available. We have checked that these can then
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Figure 2: Points satisfying the increasingly stringent constraints indicated by the legend (cf. sec. 4.1),
in the plane of Re z and ∆M (left: normal hierarchy, right: inverted hierarchy). The narrow axis ranges
illustrate the extraordinary degree of fine-tuning that is needed for realizing the desired scenario.
be tuned to produce the correct baryon asymmetry at T ∼ 130 GeV.
4.2. Analytic estimates
The purpose of this section is to show that the features observed in figs. 1–3 can be understood
analytically. To this end, let us start by noting that eqs. (3.1)–(3.3) involve summations
over the active flavour a of a combination of Yukawa couplings and the rates 〈U+(a)H〉1 and
〈Q±(a)H〉1. At vanishing chemical potentials, only the masses of the charged leptons can
lead to a-dependence. In the temperature range that we are interested in, this effect is
in principle substantial for the τ -lepton, however it originates through thermal corrections,
which are suppressed. Therefore it is a good first approximation to treat the rates as flavour-
independent. Then the active flavour sum over the neutrino Yukawas takes the form∑
a
h
Iah
∗
Ja = (4.4)
1
v2
{
M2 [−δm cos(2Re z) + m¯ cosh(2 Im z)]
√
M2M3 [δm sin(2Re z) + im¯ sinh(2 Im z)]√
M2M3 [δm sin(2Re z)− im¯ sinh(2 Im z)] M3 [δm cos(2Re z) + m¯ cosh(2 Im z)]
}
IJ
,
where
m¯ ≡
√
∆m231 +
√
∆m221 , δm ≡
√
∆m231 −
√
∆m221 (NH) , (4.5)
m¯ ≡
√
∆m223 +
√
∆m223 −∆m221 , δm ≡
√
∆m223 −
√
∆m223 −∆m221 (IH) . (4.6)
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Figure 3: The distribution of 〈Γ̂osc〉1 as a function of δ (left: normal hierarchy, right: inverted
hierarchy). The effectively flat shape implies that dark matter production puts no constraint on δ,
and that therefore δ can be tuned to obtain the correct baryon asymmetry. The same is true for φ1.
Here ∆m2ij ≡ m2i − m2j are active neutrino mass differences, and we have employed the
combinations appearing in standard fits (∆m221 = ∆m
2
sol, ∆m
2
31|NH ≈ ∆m223|IH = ∆m2atm).
Let us now take eq. (3.1) and study its vacuum contributions, i.e. those of types (i) and
(ii) in the language of sec. 3. This corresponds to taking
〈U+(a)H〉1 → −
v2
2
〈ω−1
H
〉1 . (4.7)
We can also write
〈ω2 − ω3〉1 =
〈
−2∆MMH
ω2 + ω3
〉
1
≈ −∆MM
H
〈ω−1
H
〉1 . (4.8)
Plugging eqs. (4.7) and (4.8) into eq. (3.1) and using eq. (4.4), the argument of the square
root is a second order polynomial in ∆M . It has a minimum for ∆M = ∆Mmin, where
∆Mmin =
−2δmM
H
cos(2Re z) [2M
H
+ m¯ cosh(2 Im z)]
[2M
H
+ m¯ cosh(2 Im z)]2 − δm2 sin2(2Re z) (4.9)
≈ −δm cos(2Re z)
[
1− m¯ cosh(2 Im z)
2MH
+O
(
m2ν
M2
H
)]
. (4.10)
In the final approximation we have kept the first correction in mν/MH , because it can be
enhanced by the possibly large hyperbolic function.2
2We note that for very large Yukawas the Casas-Ibarra parametrization needs to be generalized [22].
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Evaluating eq. (3.1) at the minimum given by eq. (4.10), we obtain
〈Ĥλ〉1
∣∣(i)+(ii)
∆M=∆Mmin
≈ δmMH | sin(2Re z)|〈ω
−1
H 〉1
6c2sHT
[
1 +O
(
m2ν
M2
H
)]
, (4.11)
where we have again dropped higher-order terms in mν/MH . Noting that the values Re z =
0 mod π are excluded by requiring ∆M to be positive in eq. (4.10), we find that, as first
shown in ref. [12], the cancellation between the (i) and (ii) contributions is largest — and the
vacuum part of 〈Ĥλ〉1 is smallest — for Re z = ±π/2.
To see the extent of the cancellation, we may note that the (i) contribution evaluates for
∆M = ∆Mmin to
〈Ĥλ〉1
∣∣(i)
∆M=∆Mmin
≈ δmMH | cos(2Re z)|〈ω
−1
H 〉1
6c2sHT
[
1 +O
(
m2ν
M2
H
)]
. (4.12)
As Re z approaches ±π/2, the difference between eqs. (4.11) and (4.12) is maximized. It is
for this reason that thermal corrections to 〈Ĥλ〉1, of type (iii) in the language of sec. 3 and
ordinarily suppressed by ∼ (T/v)4, are relatively speaking important when ∆M ≈ ∆Mmin.
For fixed Re z, the value of eq. (4.11) increases with decreasing temperature, because the
Hubble rate shrinks and M
H
〈ω−1H 〉1 depends mildly on T . The thermal contribution (iii), on
the other hand, increases with temperature. Hence, 〈Ĥλ〉1 exhibits a minimum as a function
of temperature. The condition 〈Ĥλ〉1 < 1 at T = 0.5 GeV ensures that this minimum is
located where dark matter production is most efficient.
Fig. 2 can now be understood as follows. For | Im z|<∼ 3, the cosh(2 Im z) correction in
eq. (4.10) is negligible, so that ∆Mmin ≈ −δm cos(2Re z) ≈ δm. This explains why most of
the accepted points are symmetrically distributed around Re z = π/2, ∆M = δm. The out-
liers below the center correspond to | Im z| > 3, for which 〈Γ̂
H
〉1>∼ 5. As shown by eq. (4.10),
the correction from cosh(2 Im z) indeed reduces ∆Mmin.
As far as the other parameters go, eq. (4.4) shows that 〈Γ̂
H
〉1 and 〈Γ̂osc〉1 are proportional
to (m¯M
H
/v2) cosh(2 Im z) and (m¯M
H
/v2) sinh(2 Im z), respectively. Indeed, fig. 1 is effec-
tively a plot of the cosh(2 Im z) dependence, with the width of the line an indicator of the
goodness of the flavour-independence approximation. The same approximation makes 〈Γ̂osc〉1
independent of the phases δ and φ1, as illustrated in fig. 3.
We end by noting that many more digits are shown on the vertical axes in fig. 2 than
there are significant digits in δm, or that correspond to the theoretical uncertainties of the
computation. Therefore the location of the optimal value of ∆M is subject to uncertainty,
however the degree of fine-tuning around this optimal value should be less so.
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Figure 4: Example of a solution leading to a substantial dark matter abundance. Left: the evolution
of lepton asymmetries. The grey band indicates the region in which active neutrino oscillations,
not included in our solution, are expected to lead to flavour equilibration [24, 25]. Middle: diagonal
components of the GeV-scale density matrix, compared with the equilibrium value Y +eq from eq. (2.1).
Right: the fraction of dark matter that keV-scale sterile neutrinos account for, obtained from eq. (5.2).
The minor decrease after obtaining the peak value is due to entropy dilution.
5. Example of a successful solution
We end by offering a “proof of existence” for a successful dark matter scenario. For this we
consider the normal hierarchy of neutrino masses, and choose the parameters entering eq. (4.1)
to lie within the domain found in fig. 2(left), viz. M
H
= 2 GeV, ∆M = 4.0907881×10−11 GeV,
z = 1.570796327+3.0i, δ = −1.88496, φ1 = −0.07037. The low-energy constants of eqs. (3.1)–
(3.3) evaluate at T = 0.5 GeV to
〈Ĥλ〉1 = 0.397 , 〈Γ̂H〉1 = 2.323 , 〈Γ̂osc〉1 = −0.800 . (5.1)
We have checked that these parameters leave behind the correct baryon asymmetry after its
freeze-out at T ≈ 130 GeV [23],3 and concentrate in the following on dark matter production.
As dark matter production takes place at temperatures close to the QCD crossover and
therefore contains substantial hadronic uncertainties, we choose to be conservative and even
overproduce dark matter moderately.
As initial values for the lepton asymmetries we insert a “fixed-point” solution obtained in
accordance with ref. [14], Ya− YB/3 ≈ 2.0× 10−8 ∀a at T ≈ 5.6 GeV. The dark matter mass
is set to M1 = 7 keV and its Yukawa couplings to |h1a| = 1.6 × 10−13 ∀a.
The evolutions of the lepton asymmetries are shown in fig. 4(left), whereas the diagonal
components of the GeV-scale density matrix can be found in fig. 4(middle). Lepton asym-
3In fact, the value is YB = 1.65 × 10
−10, i.e. larger than the observed YB = 0.87× 10
−10, but the result is
diluted by ∼ 10% due to the entropy release resulting from the freeze-out and decays of the GeV-scale sterile
neutrinos. The remainder could be adjusted by tuning the CP-violating phases δ and φ1.
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metries of absolute magnitude ∼ 10−4 can indeed be obtained, thanks to the fact that the
density matrix falls out of equilibrium in a region where 〈Γ̂osc〉1 is substantial.
When the temperature falls much below the mass of the GeV-scale sterile neutrinos, their
density becomes Boltzmann-suppressed. Therefore the lepton number washout rate switches
off, and lepton asymmetries become constant. At temperatures below T ∼ 10 MeV, lepton
asymmetries would however evolve again, as active neutrino oscillations are expected to
enforce flavour equilibrium [24, 25]. This effect has not been accounted for here, so the
corresponding domain has been shaded in fig. 4(left). However, this does not affect dark
matter production which has ceased at T ∼ 100 MeV.
The dark matter abundance is shown in fig. 4(right). From the helicity-averaged distribu-
tion f+ we compute the yield Y +11 ≡
∫
k
f+/s
T
and subsequently estimate
Ω1
Ωdm
≈ 4.57 × Y +11 ×
M1
eV
. (5.2)
The data overshoot the correct value modestly, an effect which can easily be removed by a
minuscule change of parameters such as ∆M or Re z (cf. fig. 2).
6. Conclusions
By solving a set of coupled evolution equations for sterile neutrino density matrices and
Standard Model lepton asymmetries at temperatures between 5.6 GeV and 1 MeV, we have
scrutinized a proposal made in ref. [12] that this dynamics could lead to the generation of
the correct dark matter abundance. As shown in fig. 4, we are happy to confirm the idea.
General features of solutions of the evolution equations can be understood in terms of
a small number of low-energy constants, defined in sec. 3. As discussed in sec. 4.2 and
illustrated numerically in fig. 2, it requires an exquisite degree of fine-tuning to set the low-
energy constants in a domain leading to a solution like in fig. 4. This fine-tuning concerns
particularly the Lagrangian mass difference ∆M =M3 −M2, whose value needs to be small
(< 0.1 eV) and precisely chosen (to within ∼ ppm), as well as the Casas-Ibarra angle Re z,
which needs to be close to ±pi2 , and tuned to within a similar relative precision. We note that
after a cancellation of ∆M against Higgs vev and thermal corrections to the required degree,
the physical mass splitting is < 10−7 eV.
In case these fine-tunings are not present, the dynamics in the chosen mass range generically
leads to the generation of ∼ 5− 10% of the observed dark matter abundance [18].
We should end with a word of warning, which is simultaneously a call for further work. The
low-energy constant 〈Ĥλ〉1 defined in eq. (3.1) is small only if major cancellations between
different contributions take place (cf. sec. 4.2). However, the individual contributions are only
known within leading-order accuracy in Standard Model couplings. Higher-order corrections,
11
even if small for each contribution separately, are expected to be much larger than the re-
mainder. Therefore, for fixed input parameters, the cancellation may be lifted by higher-order
corrections. However, it should still be reachable if the input parameters are tuned slightly.
It would be interesting to confirm this expectation by determining next-to-leading order cor-
rections to thermal masses (which we have parametrized through the coefficient U+(a)H), an
exercise that has so far been carried out only for the helicity-conserving part of the interaction
rates Q±(a)H at temperatures somewhat below the electroweak crossover [26].
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